Asian vultures have undergone dramatic declines of 90-99% in the Indian Subcontinent, as a consequence of poisoning by veterinary use of the drug diclofenac, and are at a high risk of extinction. Cambodia supports one of the only populations of three species (White-rumped Vulture Gyps bengalensis, Slender-billed Vulture G. tenuirostris and Red-headed Vulture Sarcogyps calvus) outside of South Asia where diclofenac use is not widespread. Conservation of the Cambodian sub-populations is therefore a global priority. This study analyses the results of a long-term research programme into Cambodian vultures that was initiated in 2004. Population sizes of each species are estimated at 50-200+ individuals, ranging across an area of approximately 300 km by 250 km, including adjacent areas in Laos and Vietnam. The principal causes of vulture mortality were poisoning (73%), probably as an accidental consequence of local hunting and fishing practices, and hunting or capture for traditional medicine (15%). This represents a significant loss from such a small population of long-lived, slow breeding, species such as vultures. Cambodian vultures are severely food limited and are primarily dependent on domestic ungulate carcasses, as wild ungulate populations have been severely depleted over the past 20 years. Local people across the vulture range still follow traditional animal husbandry practices, including releasing livestock into the open deciduous dipterocarp forest areas when they are not needed for work, providing the food source. Reducing threats through limiting the use of poisons (which are also harmful for human health) and supplementary food provisioning in the short to medium-term through 'vulture restaurants' is critical if Cambodian vultures are to be conserved.
Introduction
The South Asian vulture crisis has been well documented since the first dramatic declines were detected in India (Prakash 1999) . Seven species of vultures are resident in South Asia, and three of these, White-rumped Vulture Gyps bengalensis (hereafter WRV) and Slender-billed Vulture Gyps tenuirostris (SBV) and Red-headed Vulture Sarcogyps calvus (RHV), are also resident in SouthEast Asia. These species were historically highly abundant in South Asia, as religious and cultural practices ensured a plentiful food supply of livestock carcasses (Houston 1985) . Populations of resident vultures in South Asia declined rapidly during the 1990s and 2000s (Prakash 1999 , 2007 , Gilbert et al. 2006 , Pain et al. 2008 , Das et al. 2011 , as a consequence of veterinary use of diclofenac, a non-steroidal anti-inflammatory drug (Oaks et al. 2004 ). The drug is so toxic to vultures that the observed population declines could have been caused by the contamination of a very small proportion (between 1:130 and 1:760) of livestock carcasses (Green et al. 2004) . By 2007, the population of WRV in India was reduced to one thousandth of 1992 levels, while SBV is thought to number only 1,000 individuals (Prakash et al. 2007) , and RHV has been reduced to only 9% of the population that occurred in the early 1990s . research officers undertook comprehensive threat assessments through semi-structured interviews with key informants: local wildlife traders, hunters, government officials and veterinary establishments. Diclofenac availability was assessed through market surveys and interviews with pharmacies carried out by research officers, focusing on veterinary preparations and health products for livestock treatment. Data on human diclofenac preparations were also collected, since these can also be given to cattle. Diclofenac surveys were completed in all range provinces and in most district towns, and repeated at yearly intervals. The health status of vultures was assessed through examination of all birds that were trapped during the course of the project (see below) or were brought into care temporarily as a result of injury. Blood samples were taken for serology profiling, haemoparasitology, and phylogenetic studies.
Vulture food availability was assessed using two methods: field surveys for all types of carcass (wild and domestic animals) and household interviews regarding mortality of domestic livestock only. Field surveys for carcasses were undertaken at monthly intervals between 2005 and 2008 by local rangers at three sites (LWS, PVPF and Siempang). Suitable carcasses included domestic livestock (buffalo, cows, pigs and dogs) and wild ungulates such as gaur Bos gaurus, banteng B. javanicus, sambar Rusa unicolor, Eld's deer Rucervus eldii and wild pigs Sus scrofa. For each carcass found, the species, size, details of origin and the vultures present were recorded. Household interviews were conducted in 2004 by research officers in villages surrounding one site (PVPF), to determine the number of domestic livestock that were lost or died in the forest each year.
Vulture ranging behaviour
Satellite telemetry was used to determine vulture ranging behaviour. Vultures were caught at artificially baited feeding sites using a remotely operated Q-net (which uses high tension elastic to propel a 20 x 16 ft net), monofilament nooses and padded leg-hold traps. Capture rate was low as vultures were quickly sensitised to the techniques employed and became increasingly wary. Satellite transmitters (80 g Argos bird-borne transmitter, North Star Science and Technology LLC.) were fitted to two adult SBVs (SBV3 and SBV4) and a WRV (WRV6) caught in May 2005 in PVPF, and an adult WRV (WRV8) captured in April 2006 in MPF. Home-range area was estimated using 100% minimum convex polygons generated using filtered fixes for each vulture using the software "Ranges7" (Kenward 2001; Kenward et al. 2003) . Tracking resolution was set at 1,000 m to take account of the estimated accuracy of location classes.
Monitoring nesting sites
Vulture nesting sites were identified by local rangers, with specific targeted surveys during OctoberDecember (late wet season) when breeding commences. Nest surveys concentrated on known breeding locations, areas visited by satellite-tagged birds, and areas with emergent trees along watercourses and small hills, which are used by vultures in South Asia (Gilbert et al. 2006) . Where nests were located, local people were employed as protectors, receiving a payment contingent on ensuring nests were not collected or disturbed by people. Data were recorded on vulture species, location and the characteristics of nesting sites and verified by research officers. Repeat visits by research officers were undertaken towards the end of the breeding season, in March and April (late dry season), in order to determine the number of chicks that successfully fledged.
Monitoring vulture population size and trends
Species populations were monitored at supplemental feeding stations ('vulture restaurants') established at each research site. Supplemental feeding was initiated because the threat assessments identified lack of food as one of the factors limiting vulture populations. Restaurants were conducted monthly by slaughtering one 150-250 kg cow or buffalo purchased from local villagers at each of the research sites, with the exception of MPF and PPWS where the restaurant was alternated on a bimonthly basis. Restaurant dates were staggered to maximise the food provisioning effect, allowing vultures to potentially move between restaurants across the range. Each restaurant was monitored until the carcass had been completely removed (usually 2-5 days). Data were collected on the vulture species present and age composition, with age classes recorded as adult, subadult (birds yet to attain adult plumage) and juvenile for WRV and SBV, and adult male, adult female and juvenile for RHV. Data were analysed using generalised linear models with quasiPoisson errors and a log-link function in R 2.12.2 (R Core Development Team 2011) to investigate differences between research sites and trends over time for each species. The selected models had the lowest quasi-AICc score and weights of at least 0.5 (Burnham et al. 2011) .
The minimum number alive method (Krebs 1966 ) was used to estimate the minimum population of each species of vulture through an annual vulture census. The census was first conducted in July 2004, and repeated in May 2006 and annually thereafter. During the census, counts were undertaken simultaneously at multiple restaurants, both at research sites and other locations, throughout the vulture range. Since counts were simultaneous it was not possible for birds to travel between sites, preventing double counting. Two counts were conducted each year, separated by 10-14 days, during May-July, just after the breeding season. The maximum total number of each species recorded across all the census sites was used as the estimate of the minimum number alive.
Results

Threat assessments
Diclofenac availability: Veterinary use of diclofenac was not recorded from the range provinces, and formulations of the drug for veterinary use were only encountered once over the six years.
Poisoning and direct persecution: Poisoning was responsible for 60% of the 25 incidents of vulture deaths, leading to 74% of the 42 recorded mortalities ( Table 1) . Some poisoned birds were rescued and survived following veterinary care. Direct persecution (such as shooting of vultures with guns or slingshots) was the next most significant cause of vulture deaths, accounting for 10% of mortalities. One WRV from Phnom Tamao Wildlife Rescue Center and one RHV in Siem Reap province were killed for perceived value in Khmer medicine.
Food Limitation: Comprehensive field surveys at three sites over areas of approximately 500 km 2 indicated that one carcass is available every 22-36 days (Table 2a ). All carcasses encountered during surveys were domestic buffaloes, cows, or domestic dogs. A small number of wild ungulate and pig carcasses were recorded from research sites outside of the survey period. Household interviews in the villages using a 250 km 2 area of PVPF, indicated that livestock densities are seven animals km -2
. Every year around 18-32 animals died or were lost in the forest (Table 2b) , an average of one domestic carcass every 11-21 days. By contrast, densities of large wild ungulates in the study areas are approximately 1-3 animals km -2 (Table 2c) . At least two birds, a RHV and a tagged WRV (WRV8) recovered in Quang Nam province in Vietnam, are thought to have died due to starvation. The poor body condition of both birds and location far outside the normal range is perhaps indicative of the difficulty vultures face in finding food.
Vulture health: Eleven of the 12 serum samples taken from captured vultures contained antibodies to avian encephalomyelitis virus, and one (RHV) had antibodies to avian paramyxovirus type 1 (Newcastle disease virus). However, only one mortality case from disease was recorded, a WRV at Phnom Tamao Wildlife Rescue Center that died during an outbreak of highly pathogenic avian influenza virus subtype H5N1 (HPAI H5N1) ( Table 1) .
Ranging behaviour
Minimum convex polygon (MCP) estimates of 2,315 km 2 , 5,704 km 2 and 12,155 km 2 were obtained for three birds, WRV6, WRV8 and SBV4, which were tracked for 119, 81 and 81 days respectively. Due to the low number of independent points obtained for each bird, kernel contours could not be reliably calculated. Mortality of two vultures (WRV6 and SBV4) was confirmed 119 and 81 days after application of the transmitters while the units were still functional, and the death of WRV8 was confirmed 472 days after application, 13 months after the transmitter ceased functioning. Data are not given from one further bird, SBV3, whose satellite transmitter ceased functioning after only 12 days due to hardware failure.
Nesting sites
Nests of all three species were located, primarily at the LWS, PVPF, Seasan, Siempang, and MPF sites ( Table 3) . Causes of nesting failure included raiding by macaques Macaca fascicularis (10 WRV nests destroyed in the 2007-2008 season) or disturbances such as fire. SBV and WRV nested in separate colonies, WRV often beside rivers or on small hills, whereas RHV nested singly, although sometimes associated with colonies of both SBV and WRV. Nesting trees were large and tall, often of the Dipterocarpaceae family. In all cases only one chick per nest was observed.
Vulture population size and trends
Numbers of all three species of vulture have fluctuated significantly over time and between sites ( Table 4) . Greater numbers of RHV were also recorded in the wet season (P , 0.01, Table 4); the effect of season was not significant for the other species. There was a significantly positive relationship between the numbers of each species present. The total numbers of WRV and SBV at the restaurant sites increased strongly in the early years of the monitoring programme and have remained stable since 2008 (Figure 2) , whereas numbers of RHV recorded are constant or declining slightly (Figure 2) . Similar patterns are seen with the census data, with WRV increasing by 100% and SBV by 50% between 2004 and 2008 ( Table 5) . WRV numbers were greatest at the two northerly sites (PVPF and Siempang) that also recorded the largest increases, are stable at the two central sites (Seasan and LWS), and are declining at the two southerly and easterly sites Table 4 . Generalised linear models for trends in the number of vultures recorded at the research sites, using quasi-poisson errors and a log link function. The selected models had the lowest quasi-AICc score and weights of at least 0.5 (Burnham et al. 2011) . Significance values for the null hypothesis of zero effect: ns 5 notsignificant, * 5 P , 0.05, ** 5 P , 0.01, *** 5 P , 0.001). . In Cambodia, traditional livestock husbandry practices allow animals to range freely across the deciduous forest for much of the year (particularly in the dry season), often unattended, where they may die or become lost, sometimes not returning for several years. Carcasses of animals that die in the forest may provide a significant supply of carrion for vultures if mortalities go undetected (otherwise meat is taken by local people). Insecurity and intensification of agriculture have led to a reduction in this practice in many Cambodian provinces (for example around Tonle Sap and the Mekong floodplain). The remaining vulture range corresponds exactly to those Cambodian provinces where livestock are still allowed to range freely.
Calculations based on the energetic requirements of vultures suggest that carcasses of domestic ungulates in Cambodia should be more than capable of supporting the population. Assuming a daily feeding requirement for a vulture is 0.341 kg/ungulate tissue per day (Swan et al. 2006 Protocol S1), a population of 300 birds requires an annual food availability of around 39,540 kg per year. This could be provided by around 100 bovine carcasses per year, assuming an average carcass mass of 503 kg (for Bos taurus, B. indicus and Bubalus bubalis in South Asia; R. J. Cuthbert unpublished data) and that edible tissues comprise around 77% of a bovine live carcass weight . Available data on the densities of domestic ungulate carcasses ( Table 2 ), suggest that these food requirements could be met by livestock mortalities. However, what these calculations fail to estimate is the proportion of carcasses found by vultures and the proportion consumed by other scavengers, which is likely to be significant given the dense forests found across much of the vulture range in Cambodia. Moreover, the timing of carcass availability may be significant given that livestock generally return to villages during the wet season, when vultures may have to rely more on much scarcer wild ungulate carcasses. These calculations also suggest that the relatively modest feeding requirements of Cambodia's vultures (around 100 bovine carcasses per year) are increasingly well supplemented by restaurant sites, which supply around 70 carcasses per year. These calculations suggest that such modest supplementary feeding could be an effective conservation measure to overcome the issue of food limitation within Cambodia and this may help explain the increasing numbers of vultures recorded in Cambodia during the course of this study.
The major recorded source of mortality for Cambodian vultures is secondary poisoning, usually relating to the misuse of poisons (possibly organophospates normally used in agriculture) for hunting or fishing. Poisons are either emptied into waterholes (trapeangs), or delivered in bait such as rice, fish or fruit to catch scavenging species (such as storks) and frugivores. Vultures are not the intended targets of these activities, but die from consuming other animals that were killed from ingesting poisoned bait. Poisons such as strychnine or organophosphates, used for control of carnivores or other scavengers such as feral dogs (Cheke 1972) , have also killed vultures in Cambodia. The social feeding behaviour of vultures combined with the scarcity of food in Cambodia increases the potential that groups of feeding birds may be affected by a single poisoning event. Poisoning is known to be a significant cause of vulture deaths in other regions (e.g. Margalida 2008, 2009) , and even low incidences of poisoning can cause dramatic declines in long-lived birds such as vultures if poisoning results in high mortality rates and breeding failure (Green et al. 2004; Oro et al. 2008) .
A limited number of mortalities due to direct persecution, by firearms or home-made weapons or use in traditional medicine, were also observed. During the 1970s-1990s, firearms were highly abundant in Cambodia (Wille 2006) , which may have led to widespread hunting and persecution of birds. However, the majority of these weapons have been brought under Government control or destroyed (EU ASAC 2009), which may have contributed to a significant reduction in hunting pressure from the late 1990s onwards. Vulture parts are not used in traditional Chinese medicine, but they may have some perceived value in Khmer medicine. At least two birds were taken for their parts and interview reports suggest that traders have visited villages within the remaining vulture range in Siempang and PVPF requesting capture of birds possibly for sale to Thailand or Lao PDR .
There is limited evidence that diseases affect vultures in Cambodia, as the only known mortality due to disease was a captive bird during an outbreak of HPAI H5N1 Almost all the vultures sampled carried antibodies to avian encephalomyelitis virus, indicating high rates of exposure, but the epidemiological significance of this is not clear. Avian encephalomyelitis is a picornavirus that causes neural deficits in young poultry, and has only rarely been reported in wild birds (galliforms and ducks; Gerlach, 1994) .
Nesting birds in Cambodia are particularly vulnerable to collection and disturbance (Clements et al. 2010) . Nest protection schemes, where local people are employed to guard vulture colonies and receive a bonus if the nest fledges, have proved effective at ensuring breeding is successful and locating new breeding sites. This is part of a wider programme in Cambodia that protects breeding sites for globally threatened species (Clements et al. 2010) .
Cambodia remains the only country in the range of these vulture species where veterinary preparations of diclofenac are not widely available (based on extensive surveys), giving vultures an excellent chance of long-term survival. In early 2009, the National Institute of Animal Health in Cambodia ordered national veterinary staff to avoid use of diclofenac in veterinary treatments. Although this does not constitute a legal ban on the drug (as no list of legally approved veterinary medicines exists as yet), it is an important step in preventing this drug entering the vulture food chain in Cambodia.
Population size and trends of vultures in Cambodia
A successful monitoring programme must collect accurate data at a sufficient level of precision in order to detect population changes of a desired magnitude. It must also be within the capacitytechnical, financial and logistical -of management staff (Danielsen et al. 2008) . In practice, achieving both of these is challenging. In India, monitoring was conducted using road surveys (Prakash et al. 2007) , however trials in Cambodia concluded that vulture densities were too low for this technique to be effective and there are relatively few suitable roads bisecting the vulture range. Capture-mark resighting methods were evaluated and found to be unsuitable due to the low capture probabilities. Surveys of breeding sites yielded some population data, but detectability of nest sites is not known. The census was designed as a low-cost monitoring method that collected data on the minimum number of birds alive at one time (Krebs 1966 The relationship between the census counts and actual population trends is, however, unclear. An increase in vulture numbers recorded by the census might be indicative of an increasing population, a decrease in food availability elsewhere in Cambodia (so more birds visit the census sites), or increased habituation of vultures to the regular feeding sites. At a minimum, the results indicate that the vulture population is unlikely to have declined since the conservation programme was initiated and perhaps is more likely to be increasing. Increases were strongest for WRV in the northern sites (PVPF and Siempang) and for SBV at Siempang, whilst strong decreases were seen for all species at the two southerly sites (PPWS and MPF) . Given that it is unknown what proportion of birds are present but chose not to visit the restaurant sites, these results could either be due to changing numbers of vultures at those sites, or due to changes in the proportion of birds in the area visiting the restaurant. Vultures may become habituated to supplemental feeding sites (Piper 2006) , which would cause an increase in the number observed even if there was no overall change in the population. Habituation is more likely for the northerly sites because the frequency of feeding events was much greater (1-3 times per month, in comparison with once every 2-3 months at the southerly sites), and because the density of wild ungulates (and hence other food sources) was lower.
Unlike WRV and SBV, RHV has a more cosmopolitan diet and can also feed on reptiles and other prey (Naoroji 2007) ; they are therefore less likely to be dependent on feeding from carcasses. RHV also may show a level of territorial behaviour, unlike the Gyps vultures, and have probably always existed at lower densities even in South Asia (del Hoyo et al. 1994) . The lower numbers of RHV recorded at the restaurant sites are consistent with these behaviours. However, RHV are distributed more widely across Cambodia (Figure 1) , possibly due to their more cosmopolitan diet, and hence the true population size of RHV may be significantly greater than the counts obtained.
Vultures range widely across northern and eastern Cambodia, with birds also recorded in southern Laos and border regions of Vietnam (Figure 1) . Although a small number of vultures were tagged in this study for a relatively limited period, some comparisons can be made with a satellite telemetry study of five adult WRVs marked in Pakistan (Gilbert et al. 2007 and 5,069 km 2 respectively. While there is clearly considerable variation in the home range of individual vultures, the fact that the home range of WRV6 and SBV4 exceeded that of three of the birds in Pakistan in a much shorter period of time suggests that birds may be ranging more widely in Cambodia. This observation would be consistent with variable foraging effort in environments where food is plentiful (Pakistan) and scarce (Cambodia).
Conservation management
Food provisioning for vultures, otherwise known as 'vulture restaurants', is widely used in the conservation and reintroduction of vulture populations in Africa (Mundy et al. 1992 , Piper et al. 1999 , Israel (Meretsky and Mannan 1999) , Europe (Sarrazin et al. 1994 , Carrete et al. 2006 ) and condors in North America (Wilbur et al. 1974) . Restaurants are thought to have both positive and negative impacts on vultures (Piper 2006) . Positive impacts could include increased nesting success as has been documented on other threatened raptors (González et al. 2006 , but see Margalida 2010), improved survival rates (Oro et al. 2008) , and provision of a safe food source free from potential poisons (Gilbert et al. 2007 , Oro et al. 2008 . However, supplemental feeding also changes the temporal and spatial distribution of food resources so that they become more predictable (Robb et al. 2008) , which may change vulture behaviour (Deygout et al. 2010 , Zuberogoitia et al. 2010 , affect fecundity (Carrete et al. 2006) or favour particular individuals or species (Margalida 2010 , Moreno-Opo et al. 2010 , including the more dominant Gyps species (Cortés-Avizanda et al. 2010). These risks were minimised in Cambodia, by staggering the dates of the restaurants at the different sites, allowing vultures to potentially move between restaurants across the range, and preventing birds from becoming accustomed to a single site (Deygout et al. 2009 ). There was no evidence that restaurants favoured any particular species, and all three species seemed to be attracted by greater aggregations of birds. Changing the types of food provided at restaurants, including bigger or smaller carcasses, could further favour increased diversity of vulture species and other scavengers. Long-term provisioning through vulture restaurants is likely to prove a critical conservation management activity, given that Cambodian vultures have limited food sources and restaurants can increase available food supplies in the area by up to 50%.
Food provisioning should be undertaken with local schemes to locate and protect vulture colonies and a legal ban on diclofenac to ensure the survival of vulture populations. The Royal Government of Cambodia has instituted measures to ban diclofenac, and their demonstrable commitment to vulture conservation is greatly welcomed. Local payments to protect nests can be a cost-effective way to increase breeding success (Clements et al. 2010) . The most significant conservation challenge remaining is to reduce the apparently high levels of direct and indirect persecution of vultures, particularly from poisoning (responsible for 74% of deaths) and shooting. Conservation education and advocacy to minimise poisoning and direct persecution will be essential to limit such losses.
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